Gas hydrates buried in the shallow sediments below the ocean cause amplitude attenuation, wavelet phase distortion, and frequency loss in the seismic reflection data beneath them. This can make reservoir evaluation based on the deeper seismic image difficult. The distortion can be compensated by using pre-stack inverse Q-filtering, or by a more sophisticated Q-migration. While inverse Q-filtering (amplitude and phase) is a traditional method to correct these problems, it is not sufficient to compensate for localized image distortion resulting from complex overburden structures. A dataset in Alaminos Canyon, Gulf of Mexico was used to perform a 3D Q-tomographic inversion. The derived Q-model of the gas hydrates was used in Q-Reverse Time Migration (Q-RTM) (Zhang et al, 2010) to improve the imaging around complex geological structures. The results show that Q-tomography can generate a reliable Q-model from the surface seismic data, and that Q-RTM can reduce the energy loss and image distortion caused by the shallow gas hydrates. Altogether, Q-tomography and Q-RTM provide an improved structural definition and more uniform amplitude distribution for a more accurate and interpretable seismic section.
Introduction
Anelastic earth medium can considerably attenuate surface seismic waves and causes amplitude decay, frequency loss, and phase changes in the seismic signal. This attenuation, quantified by the seismic quality factor Q, reduces the signal-to-noise ratio of the seismic image and makes it difficult to quantitatively analyze the rock physics attributes such as porosity, permeability, and Amplitude versus Offset (AVO) indicators. Therefore it is important to derive a reliable Q-model, and utilize the Q-model to compensate for frequency-dependent amplitude distortion and phase change.
The Q-factor can be directly estimated from vertical seismic profile (VSP) data (Tonn, 1991) . However, drilling a well is expensive, and it's not feasible to take enough measurements to build a reasonably sized Q-volume. In the last two decades, researchers have attempted many methods to extract an approximate Q-function from the surface seismic reflection data (Dasgupta and Clark, 1998; White, 1992; Wang 2003) . This would yield a more flexible and cost effective solution since surface seismic data has much larger coverage than a borehole measurement. Traditionally, the estimation of a regional Q-function is performed in a 1D sense (Dasgupta et al., 1998; Wang, 2003) and cannot correctly handle geological complexity. Recently, Xin et al. (2009) implemented a 3D ray-based tomographic Qinversion based on migrated data. It accounted for lateral structural variation and provided a more accurate Q-model.
Commonly, Q-attenuation correction (phase only, or phase and amplitude) is applied before migration (Hargreaves and Calvert, 1991) . The process is an ad-hoc way to improve imaging below shallow anomalies. Seismic velocities and the quality factor can drastically vary in 3D, and only using 1D or 2D Q-compensation will not be sufficient to produce an optimal image. Q-compensation can also been applied after migration (Gherasim, 2010) . Better results can be obtained by performing the seismic migration and Q compensation simultaneously (Dai et al., 1994; Yu et al., 2002; Traynin et al., 2008; Xie et al. 2009 ). Previous work focused on Kirchhoff migration or one-way wave equation migration. Zhang et al. (2010) developed prestack depth Q-RTM to compensate for anelastic effects in a complex medium.
In this abstract, a two step work flow to compensate for the absorption and distortion caused by shallow gas hydrate pockets is introduced: 1) Derive the Q-model from a raybased migration and tomographic inversion; 2) Recover the attenuation by 3D pre-stack depth Q-RTM. A real dataset in the Alaminos Canyon area of the Gulf of Mexico is used to demonstrate how the methodology works.
Q-tomography
When a seismic wave propagates through an anelastic earth anomaly, some fraction of its energy is converted into heat. Q is an intrinsic property of a rock to measure this energy loss during propagation. It is calculated as the ratio of the peak energy to the energy dissipated in a cycle.
The mathematical expression for Q can be written as (Aki and Richards, 1980) :
where f is the frequency, l is the distance travelled by the rays through the medium, A 0 is the amplitude of a certain event that is not affected by an anelastic anomaly, A is the amplitude of the same event when it is affected by an anomaly over the distance l, and c is the acoustic velocity. Xin et al (2009) proposed a 3D tomographic Q-inversion process based on equation (1). Kirchhoff Q-migration (Xie et al, 2010 ) is utilized to produce common image gathers for the Q-tomography. Amplitude ratio A A 0 is generated along picked horizons for each given frequency and offset. Then, from each imaging point on these horizons, a series of rays are shot through the anomaly back to the surface to compute the travel distance l. Assuming the velocity c is known, with adequate amplitude information measured at several frequencies and offsets, a Q-model can be obtained through a least-squares inversion.
Q-Reverse Time Migration (Q-RTM)
Since Q-attenuation happens during wave propagation, it is more accurate to compensate for Q effects during a prestack depth migration than to compensate for them in the time domain before migration. In order to apply the Qmodel during ray-based migrations such as Kirchhoff or beam migration, a complex travel time computation is needed (Traynin et al, 2008; Xie et al, 2009 Xie et al, , 2010 . However, a ray-based migration has difficulties in imaging complex areas with strong velocity contrasts in the velocity model. Some efforts have been extended toward developing a Q-migration based on one-way wave equation (Dai and West, 1994; Yu et al, 2002) . The one-way wave equation is formulated in the frequency domain so it is straightforward to handle frequency dependent dissipation.
Recently, Reverse Time Migration (RTM) has become a standard migration tool for subsalt imaging, especially in the Gulf of Mexico. It is based on two-way wave equation and considered to be the most accurate migration method to image complex geological structures. Zhang et al. (2010) proposed the 3D prestack depth Q-RTM. Based on the linear anelastic dispersion relationship (Kjartansson, 1979) Zhang et al (2010) derived a time domain visco-acoustic wave equation and implemented it in prestack reverse time migration so that absorption effects were automatically corrected in the migration process. The method gives stable and amplitude balanced images in complex geological settings.
Field Data Application: Alaminos Canyon, Gulf of Mexico
Documented examples of gas hydrate saturated sand in the shallow sedimentary layers are widely known in the Alaminos Canyon area of the Gulf of Mexico (Smith et al, 2006 , Ruppel et al, 2008 . In this area, the water is about 8000 feet deep and the gas hydrates are about 900 feet below the water bottom. When gas hydrates are buried under deep water with relatively low temperature and high pressure, they behave like ice (Ruppel et al, 2008) . Therefore, a strong reflector in the seismic data is expected in the shallow zone, which indicates the gas hydrate pocket.
In Figure 1 , a dim zone right below the gas hydrate pocket can be observed. The size and shape of this dim zone varies by offset. Obviously, existence of this dim zone handicaps the ability to perform AVO analysis and reservoir evaluation of the deeper reflectors.
Q-tomography was applied to derive an accurate Q-model of the gas hydrate anomaly, and Q-RTM was utilized to compensate for the Q effects. The detailed work flow for the Q-tomography and Q-RTM follows:
1) Start with an isotropic velocity model converged with three iterations of isotropic tomography.
2) Perform the normal 3D pre-stack Kirchhoff migration.
3) Generate the stacked volume and common image gathers (CIGs). The stacked volume is used to pick horizons and structural dips. The CIGs are used for amplitude picking. Figure 2 shows the Kirchhoff stack volume (a) and CIGs (b) without Q-compensation. From the stacked image, it is noticeable that the gas hydrate pocket has drastically weakened the amplitudes below 3000 m.
4) Pick several horizons along the stacked volume. In this study, 6 horizons were picked below the gas hydrate anomaly up to a 6 km depth. Even though one horizon is enough for Q estimation, using more horizons should yield a more stable solution for the Qmodel around the gas hydrate reservoir.
5) Pick the amplitude along these horizons in the CIGs for all the offsets. Each offset has several sets of amplitudes corresponding to different frequency bands. Figure 2c shows the amplitude on one horizon at near offset for the 20 Hz band.
6) Perform a 3D ray-based Q-tomography to generate the Q-model, which is shown in Figure 3 . The Qmodel follows the gas hydrate reasonably well.
Another iteration of velocity model tomography follows to further flatten the gathers. 
Conclusions
A tomographic approach to derive an accurate Q-model for a gas hydrate reservoir in the Alaminos Canyon area of the Gulf of Mexico was presented. Pre-stack depth Q-RTM using this model corrected the amplitude attenuation and eliminated the phase distortion caused by the gas hydrates. 
